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Introduction {#sec1}
============

The role played by protein motions in driving the chemical step of an enzyme-catalyzed reaction is the subject of vigorous debate.^[@ref1]−[@ref8]^ Such promoting motions are distinct from motions associated with the physical steps during enzyme catalysis such as substrate binding, product release, or other conformational changes, which are well described in terms of millisecond--second (ms--s) time scale dynamics. It has been suggested that enzyme dynamics and flexibility are important not just for the physical events but also for the chemical step itself.^[@ref5]−[@ref7],[@ref9],[@ref10]^ The potential involvement of protein motions in driving the chemistry of enzyme catalyzed reactions is often studied for hydrogen transfer, where quantum mechanical tunnelling plays a role and the width of the reaction barrier is as important in determining the reaction rate as its height. An 'environmentally coupled tunnelling' model has been proposed to explain unusual kinetic behavior of enzymatic H-transfer reactions.^[@ref7],[@ref11]^ In this model, slower (μs--ms) protein motions such as large-scale loop or subdomain movements as well as active site remodelling promote the reaction by creating wavefunction degeneracy in a reaction ready conformation (RRC), while faster (fs--ns) short-range motions can reduce the reaction barrier in the RRC. The temperature dependence of the primary hydrogen kinetic isotope effect has been used as the major indicator of the nature of the coupling of these motions to the reaction coordinate. Therefore, changes to the coupling of protein motions to the reaction are expected to alter the kinetic isotope effects and their temperature dependences.^[@ref7],[@ref11]^ However, several experimental observations^[@ref12]−[@ref16]^ and results based on computation^[@ref3],[@ref17],[@ref18]^ have suggested inconsistencies with this model.

Changing the composition of the solvent will have a number of effects on the enzyme and its catalyzed reaction. Increasing the viscosity will reduce the rate of diffusion through the medium and therefore slow ligand binding as well as motions within the protein itself. Reducing the dielectric constant (i.e., reducing the polarity of the medium) will reduce the shielding effect of the medium on dipole--dipole interactions. This will strengthen electrostatic interactions in the transition state and so directly alter the reaction barrier, as well as altering the flexibility of the protein spanning hydrogen-bonding network.^[@ref19]^ The coupling of protein motions to the reaction coordinate can therefore be tested experimentally through changes of the solvent composition.

Dihydrofolate reductase (DHFR) catalyzes the reduction of 7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate using reduced nicotinamide adenine dinucleotide phosphate (NADPH) as a cofactor. DHFRs from organisms living at high and moderate temperatures have been studied extensively with the goal of understanding the relationship between enzyme structure, protein dynamics, and chemical catalysis.^[@ref1],[@ref2],[@ref6],[@ref20],[@ref21]^ The experimentally accessible temperature range has been extended in studies of the structural and kinetic adaptation of the DHFR from the hyperthermophile *Thermotoga maritima* (TmDHFR)^[@ref12],[@ref22]−[@ref24]^ and more recently from the baro- and psychrophilic bacterium *Moritella profunda* (MpDHFR), isolated from sediments 2.8 km below the surface of the Atlantic Ocean.^[@ref25]−[@ref29]^ The tertiary structure of MpDHFR is similar to that of DHFR from *Escherichia coli* (EcDHFR) and no obvious structural indications of adaptation to high pressure and low temperature have been found.^[@ref27]^ Detailed structural and kinetic studies of a number of DHFRs from related *Moritella* species and from other deep-sea bacteria did not reveal any specific evidence of pressure adaptation.^[@ref30],[@ref31]^

We have previously reported the effect of temperature and pH in the steady state of the MpDHFR catalyzed reaction,^[@ref29]^ where physical processes rather than the actual chemical step limit the reaction rate at physiological pH as is also the case for EcDHFR.^[@ref32]^ Here we provide insight into the role of protein motions in DHFR catalysis from measurements of the effects of temperature, pH, and solvent composition on the chemical step during MpDHFR catalysis and of hydrogen/deuterium exchange rates in MpDHFR and EcDHFR by NMR spectroscopy. Hydrogen/deuterium exchange provides a measure of solvent accessibility and is therefore a measure of the flexibility of the protein on a slow (by NMR) time scale and of the shielding effects of secondary structural elements and ligands.^[@ref33],[@ref34]^ Our results indicate the importance of protein dynamics for the generation of the RRC on the free-energy landscape, but suggest that the chemical step itself is not promoted significantly by motions during catalysis by DHFR.

Materials and Methods {#sec2}
=====================

Chemicals {#sec2.1}
---------

NADPH was purchased from Melford. Dihydrofolate was prepared by dithionite reduction of folate.^[@ref35]^ 4-(*R*)-NADPD was prepared as described previously,^[@ref36]^ as was recombinant MpDHFR.^[@ref27]^ 4-(*S*)-NADPD was prepared in the same way as 4-(*R*)-NADPD, except that glucose-1-D (Cambridge Isotope Laboratories) was used as the deuterium source and glucose dehydrogenase from *Pseudomonas* sp. (Sigma) was the enzyme. The concentrations of NADPH/NADPD and H~2~F were determined spectrophotometrically using extinction coefficients of 6200 cm^--1^ M^--1^ at 339 nm and 28 000 cm^--1^ M^--1^ at 282 nm, respectively.^[@ref37]^ Where applicable, solutions containing 17%, 33%, and 50% cosolvent (volume cosolvent per final solution volume) were used. The pH was adjusted after the addition of cosolvent to ensure consistency. Details of dielectric constants and viscosities of solvent mixtures have been reported previously.^[@ref14]^

Circular Dichroism Spectroscopy {#sec2.2}
-------------------------------

Circular dichroism (CD) experiments were performed on an Applied Photophysics Chirascan spectrophotometer using 2.5 μM protein in 5 mM potassium phosphate buffer (pH 7.0) containing the desired cosolvent where appropriate. Spectra were measured between 195 and 400 nm in quartz cuvettes (0.1 cm path length, Helma) under N~2~. Mean residue ellipticities \[Θ\]~MRE~ were calculated using the equation \[Θ\]~MRE~ = Θ/(10*ncl*), where Θ is the measured ellipticity in mdeg, *n* is the number of backbone amide bonds, *c* is the concentration of protein in mol L^--1^, and *l* is the path length in cm. Thermal denaturation experiments were performed using temperature steps of 1 °C between 20 and 70 °C, with 1 min equilibration at the desired temperature prior to measurement. Melting temperatures were determined by plotting \[Θ\]~MRE~ at 222 nm against temperature.

Steady-State Kinetic Measurements {#sec2.3}
---------------------------------

Turnover rates were measured spectrophotometrically on a JASCO V-660 spectrophotometer by following the decrease in absorbance at 340 nm during the reaction (ε~340~ (NADPH + H~2~F) = 11 800 M^--1^ cm^--1^).^[@ref38]^ Rates were determined at pH 7 using 20 nM enzyme in 100 mM potassium phosphate containing 100 mM NaCl and 10 mM β-mercaptoethanol, and at pH 9 using 50 nM enzyme in MTEN buffer (50 mM morpholinoethanesulfonic acid, 25 mM Tris, 25 mM ethanolamine, 100 mM NaCl, and 10 mM β-mercaptoethanol). The enzyme was preincubated at the desired temperature with NADPH (0.1--200 μM) for 1 min to avoid hysteresis^[@ref32]^ prior to addition of H~2~F (100 μM). Each data point is the result of three independent measurements. At low NADPH concentrations in certain cosolvents, the errors on the measured rates were relatively high and it was therefore not possible to measure accurate *K*~m~ values.

Pre-Steady-State Kinetic Measurements {#sec2.4}
-------------------------------------

Hydride transfer rates were measured under single-turnover conditions on an Applied Photophysics stopped-flow spectrophotometer. The enzyme (20 μM final concentration) was preincubated with NADPH (8 μM final concentration) for at least 5 min in 100 mM potassium phosphate (pH 7.0) containing 100 mM NaCl and 10 mM β-mercaptoethanol and the reaction started by rapidly mixing with H~2~F (200 μM final concentration) in the same buffer. Reduction of the fluorescence resonance energy transfer from the enzyme to NADPH during the reaction was observed by exciting the sample at 292 nm and measuring the emission using a 400 nm cutoff output filter. All experiments were repeated at least nine times. Varying the concentrations of the reagents showed that the measured rates were limiting rates for hydride transfer, regardless of solvent composition.

Hydrogen/Deuterium Exchange Measurements {#sec2.5}
----------------------------------------

Rates of H/D exchange (HDX) at 20 °C were determined by NMR on a Varian INOVA 900 MHz (^1^H) spectrometer equipped with a cryogenically cooled HCN probe. Proteins for NMR experiments were purified by anion exchange on Q-sepharose resin followed by gel filtration on a prep grade Superdex 75 column. This ensures that no folate is present in the apoenzyme prior to NMR measurements, which would be the case using our usual purification method.^[@ref27]^ EcDHFR and MpDHFR, as the apoenzyme and the NADP^+^/folate complexes (6-fold excess of ligands), were prepared as 2 mM stocks in 50 mM potassium phosphate buffer, pH 7, containing 1 mM NaCl, 10 mM β-mercaptoethanol, and 10% D~2~O. As MpDHFR cannot be freeze-dried without substantial loss of activity, HDX experiments were performed by dilution rather than resuspension. The concentrated stock was diluted 10-fold into H~2~O and D~2~O 24 h prior to measurement to create 'before' and 'after' samples, which were used to optimize the acquisition parameters and to obtain optimized shim maps for HDX experiments. HDX was then performed by diluting the concentrated stock 10-fold into D~2~O immediately prior to insertion into the magnet. The time between sample mixing and acquisition of the first spectrum was recorded. SOFAST-HMQC spectra^[@ref39]^ were recorded at regular intervals until no further exchange was seen, increasing the number of scans with time to maximize signal (see [Supporting Information](#notes-5){ref-type="notes"} for full details). Spectra were processed using NMRPipe^[@ref40]^ and analyzed using Analysis 2.1.5 for Linux.^[@ref41]^ Peak intensity (adjusted for changes to the number of scans by dividing by the square root of the ratio of number of scans) was plotted against exchange time (from sample mixing to the midpoint of the spectrum acquisition) and rate constants determined using SigmaPlot 10.

^1^H--^15^N crosspeaks for the EcDHFR/NADP^+^/folate complex were assigned using published data,^[@ref42]^ and connectivity was confirmed using a 3D ^1^H--^15^N NOESY-HSQC spectrum acquired on a Varian INOVA 600 MHz (^1^H) spectrometer equipped with a HCN probe, using 2.4 mM EcDHFR with 15 mM ligands in 50 mM potassium phosphate buffer, pH 7, containing 1 mM NaCl, 10 mM β-mercaptoethanol, and 10% D~2~O. Crosspeaks for apo-EcDHFR were assigned by titration to form the NADP^+^/folate complex and using a 3D ^1^H--^15^N HSQC-NOESY spectrum acquired on a Bruker Avance II+ 700 MHz (^1^H) spectrometer equipped with a cryogenically cooled HCN probe, using 2.2 mM apo-EcDHFR in the same buffer. Crosspeaks for the MpDHFR/NADP^+^/folate complex were assigned using standard triple-resonance methods.^[@ref43]^ As all apo-MpDHFR crosspeaks exchanged fully within the dead time of the experiment, no assignment was performed.

^1^H--^15^N HSQC spectra were also acquired for the EcDHFR/NADP^+^/folate complex in the presence of 17, 33, and 50% methanol and glycerol. Spectra were acquired on a Varian INOVA 600 MHz (^1^H) spectrometer equipped with a HCN probe, using 240 μM EcDHFR with 1.5 mM ligands in 50 mM potassium phosphate buffer, pH 7, containing 1 mM NaCl, 10 mM β-mercaptoethanol, and 10% D~2~O.

Results and Discussion {#sec3}
======================

Hydride Transfer {#sec3.1}
----------------

The rate constants for hydride transfer (*k*~H~) during MpDHFR catalysis were determined under single turnover conditions that isolate the chemical step of the reaction cycle.^[@ref36]^ At pH 7, *k*~H~ was considerably greater than *k*~cat~ at all temperatures, as expected from the earlier observation that the primary hydrogen kinetic isotope effect (KIE) in the steady state is unity.^[@ref29]^ At 25 °C, *k*~H~ for the MpDHFR-catalyzed reaction was over twice that of the EcDHFR-catalyzed reaction and more than 2 orders of magnitude greater than that of the TmDHFR-catalyzed reaction (Figure [1](#fig1){ref-type="fig"} and Table [1](#tbl1){ref-type="other"}). The primary hydrogen KIE on MpDHFR-catalyzed hydride transfer was temperature dependent with Δ*E*~a~ of 6.6 ± 3.4 kJ mol^--1^. The primary hydrogen KIE was also determined under steady-state conditions at pH 9 (Figure [1](#fig1){ref-type="fig"} and [Supporting Information](#notes-5){ref-type="notes"}), where hydride transfer is rate limiting.^[@ref29]^ Here, the KIE was almost temperature independent with Δ*E*~a~ of 1.5 ± 1.1 kJ mol^--1^. For EcDHFR at elevated pH, the KIE falls below 15 °C due to a partial change in the rate-limiting step.^[@ref37]^ For MpDHFR, a similar fall in the KIE was observed below 5 °C, to 1.98 ± 0.13 at 1 °C (not shown). α-Secondary hydrogen KIEs on MpDHFR and EcDHFR catalysis were determined under single turnover conditions at pH 7 ([Supporting Information](#notes-5){ref-type="notes"}). The α-secondary KIEs for both enzymes were temperature independent with average observed values of 1.065 ± 0.022 for EcDHFR and 1.044 ± 0.011 for MpDHFR.

###### Activation Parameters and Corresponding *k*~H~ for Hydride Transfer Catalyzed by MpDHFR, EcDHFR and TmDHFR at pH 7

  parameter                                                 MpDHFR          EcDHFR^[@ref36]^   TmDHFR^[@ref22]^
  --------------------------------------------------------- --------------- ------------------ -----------------------------------------------
  *k*~H~/s^--1^ [a](#t1fn1){ref-type="table-fn"}            526.8 ± 23.2    203.7 ± 7.4        0.169 ± 0.002
  KIE[a](#t1fn1){ref-type="table-fn"}                       1.83 ± 0.10     2.71 ± 0.22        4.02 ± 0.29
  *E*~a~^H^/kJ mol^--1^                                     21.6 ± 2.2      29.9 ± 0.6         53.6 ± 0.4[b](#t1fn2){ref-type="table-fn"}
  *E*~a~^D^/kJ mol^--1^                                     28.1 ± 2.6      37.8 ± 0.6         56.0 ± 0.8[b](#t1fn2){ref-type="table-fn"} 
  Δ*E*~a~/kJ mol^--1^                                       6.6 ± 3.4       7.9 ± 0.9          2.5 ± 1.0[b](#t1fn2){ref-type="table-fn"} 
  *A*~H~/10^6^ s^--1^                                       3.2 ± 0.2       34 ± 5             410 ± 70[b](#t1fn2){ref-type="table-fn"} 
  *A*~D~/10^6^ s^--1^                                       24 ± 2          320 ± 10           270 ± 90[b](#t1fn2){ref-type="table-fn"} 
  *A*~H~/A~D~                                               0.13 ± 0.09     0.11 ± 0.02        1.54 ± 0.36[b](#t1fn2){ref-type="table-fn"} 
  Δ*H*^⧧^~H~/kJ mol^--1^                                    19.2 ± 2.2      27.4 ± 0.6         50.9 ± 0.5[b](#t1fn2){ref-type="table-fn"} 
  Δ*H*^⧧^~D~/kJ mol^--1^                                    25.7 ± 2.6      35.3 ± 0.6         53.4 ± 0.8[b](#t1fn2){ref-type="table-fn"} 
  Δ*S*^⧧^~H~/J mol^--1^                                     --128.6 ± 1.4   --109.0 ± 2.5      --88.9 ± 1.2[b](#t1fn2){ref-type="table-fn"} 
  Δ*S*^⧧^~D~/J mol^--1^                                     --111.6 ± 1.2   --90.3 ± 1.8       --92.4 ± 2.3[b](#t1fn2){ref-type="table-fn"} 
  Δ*G*^⧧^~H~/kJ mol^--1^ [a](#t1fn1){ref-type="table-fn"}   57.5 ± 2.2      59.9 ± 0.6         77.4 ± 0.5
  Δ*G*^⧧^~D~/kJ mol^--1^ [a](#t1fn1){ref-type="table-fn"}   59.0 ± 2.6      62.2 ± 0.6         80.9 ± 0.8

At 25 °C.

Above 25 °C.

![Arrhenius plots (A) for hydride (circles) and deuteride (triangles) transfer and the corresponding KIEs (B) plotted on a logarithmic scale against the inverse temperature for MpDHFR (blue), EcDHFR^[@ref37]^ (green), and TmDHFR^[@ref22]^ (red) catalysis, measured under single turnover conditions at pH 7 (left) and in the steady state at pH 9 (MpDHFR) or 9.5 (EcDHFR)^[@ref37]^ (right).](ja-2011-08844j_0001){#fig1}

The hydride transfer rate constant for MpDHFR catalysis was dependent on pH with an apparent p*K*~a~ of 6.53 ± 0.12 at 5 °C (Figure [2](#fig2){ref-type="fig"} and [Supporting Information](#notes-5){ref-type="notes"}). At higher temperatures, the rate constant for the reaction below pH 6 was too high to determine accurately by stopped flow kinetic measurements. The sigmoidal curve observed for hydride transfer is in contrast to the steady state rate constant, which showed a bell shaped pH dependence demonstrating that the reduction in the steady-state rate constant for MpDHFR at low pH is not due to enzyme inactivation.^[@ref29]^ The rate constants for MpDHFR-catalyzed hydride and deuteride transfer were also measured in D~2~O ([Supporting Information](#notes-5){ref-type="notes"}). A considerable increase in both rate constants was seen, leading to an apparent inverse solvent KIE. However, measurement of *k*~H~ at varying values of pD in D~2~O demonstrated that this was the consequence of a D~2~O-induced shift of the apparent p*K*~a~ (to 7.13 ± 0.13, a shift of 0.60 ± 0.03 pH units) rather than any intrinsic effect on the reaction.^[@ref36],[@ref44]^

![Plots of *k*~H~ (blue; left abscissa) and *k*~cat~ (red; right abscissa)^[@ref29]^ against the pH value of the solution for the MpDHFR catalyzed reaction in MTEN buffer at 5 °C.](ja-2011-08844j_0002){#fig2}

The Effect of Organic Cosolvents {#sec3.2}
--------------------------------

The effect of cosolvents on the secondary structure of MpDHFR was investigated by CD spectroscopy. Some loss of structure was evident from the CD spectra in the presence of ethanol, isopropyl alcohol, and tetrahydrofuran, but little change of the global structure was observed in the presence of glycerol, ethylene glycol, sucrose, and methanol ([Supporting Information](#notes-5){ref-type="notes"}). NMR spectroscopy in the presence of methanol or glycerol on the other hand revealed local solvent specific changes of the conformation of EcDHFR (vide infra). The addition of 50% glycerol and 30% sucrose increased the melting temperature of MpDHFR from 37.5 ± 0.8 °C^[@ref29]^ to 51.5 ± 0.5 and 47.2 ± 0.9 °C, respectively, while the melting temperature in 50% methanol (35.1 ± 0.4 °C) was similar to that in the absence of cosolvent ([Supporting Information](#notes-5){ref-type="notes"}). Interestingly, methanol appears to have a less pronounced effect on MpDHFR than it does on EcDHFR; the melting temperature of EcDHFR was reduced from 51 to 26 °C in 50% methanol.^[@ref13]^

The steady-state rate constant (*k*~cat~) at pH 7 and pH 9 and the rate constant for hydride transfer (*k*~H~) at pH 7 were measured at 20 °C for the MpDHFR catalyzed reaction in the presence of organic cosolvents and cosolutes (Figure [3](#fig3){ref-type="fig"} and [Supporting Information](#notes-5){ref-type="notes"}). Increasing the concentration of cosolvent/cosolute led to a reduction of all three rate constants in a manner proportional to the dielectric constant but not the viscosity of the medium, as seen from the fact that the combined data for all cosolvents form a cluster when plotted against viscosity, whereas a clear overall trend against dielectric constant is visible. The use of multiple cosolvents is important here, as use of only a small number of solvent conditions might lead to the conclusion that a viscosity effect is visible ([Supporting Information](#notes-5){ref-type="notes"}). However, simultaneous comparison of the data for all cosolvents used here shows that any apparent trend against viscosity with a single cosolvent is in fact due to the general trend against dielectric constant. This can be seen by comparing isoviscous solvent mixtures, which give large differences in rate constant, with isodielectric solvent mixtures, which give far smaller differences in rate constant.

![Plots of *k*~cat~ and KIE on *k*~cat~ at pH 9, *k*~cat~ at pH 7, and *k*~H~ and KIE on *k*~H~ at pH 7 for the MpDHFR-catalyzed reaction against solution viscosity (left) and dielectric constant (right). Colors represent different cosolvents, where dark green denotes no cosolvent, light blue = methanol, dark blue = ethanol, purple = isopropyl alcohol, red = ethylene glycol, orange = glycerol, yellow = sucrose, and light green = tetrahydrofuran. Not all data could be acquired accurately for all cosolvents. Figures for individual cosolvents can be found in [Supporting Information](#notes-5){ref-type="notes"}.](ja-2011-08844j_0003){#fig3}

The effect of dielectric constant on the reaction is consistent with electrostatic effects playing the major role in controlling the rate constant for hydride transfer.^[@ref3]^ It is worthy of note that a low dielectric constant should be expected to favor catalysis through electrostatic effects by reducing the shielding of stabilizing electrostatic effects within the active site. This is in apparent contrast to our results, which show catalysis to be favored by a high dielectric constant. It is likely that reducing the dielectric constant of the solvent, which in effect reduces the difference between the dielectric constant within the active site and that of the surrounding medium, reduces the protection of the carefully aligned dipoles within the active site from more remote dipoles that may be deleterious to transition state stabilization.

Ivković-Jensen and Kostić's combination of the Eyring equation with the Eaton--Ansari extension of Kramers' theory^[@ref45]−[@ref47]^ was applied to further evaluate the effect of viscosity on the rate constant, revealing that neither *k*~cat~ nor *k*~H~ correlated with viscosity for any value of internal protein friction ([Supporting Information](#notes-5){ref-type="notes"}). Furthermore, plotting the normalized 1/*k*~cat~ against the relative viscosity according to the method of Kirsch^[@ref48],[@ref49]^ gave poor fits ([Supporting Information](#notes-5){ref-type="notes"}) strongly indicating that diffusion plays a minor role in limiting the reaction rate. The steady-state data did not indicate reversible inhibition and the values for *k*~cat~ were unaffected by prolonged incubation of the enzyme with the solvents (data not shown), although the CD data (vide supra) suggest that in isopropyl alcohol and tetrahydrofuran the reduction of the rate constants is partly due to a degree of solvent-induced denaturation.

The KIE on *k*~H~ at pH 7 was largely independent of the solvent composition (Figure [3](#fig3){ref-type="fig"} and [Supporting Information](#notes-5){ref-type="notes"}), whereas at pH 9, the KIE on *k*~cat~ decreased as the dielectric constant decreased. This suggests a change in rate-limiting step at pH 9 as the solvent composition is changed showing that solvent composition has a greater influence on the physical steps of the reaction than on the chemical step. *K*~m~ values could not be determined accurately in all cases due to high errors on the measured rate data at low cofactor concentrations in certain cosolvents, but in general, the presence of cosolvent reduced the *K*~m~, leading to an initial increase in *k*~cat~/*K*~m~ followed by a decrease as the cosolvent concentration was increased further ([Supporting Information](#notes-5){ref-type="notes"}).

The effect of solvent composition on the temperature dependence of the KIE on *k*~H~ at pH 7 was also studied (Figure [4](#fig4){ref-type="fig"} and [Supporting Information](#notes-5){ref-type="notes"}). Studies of solvent effects on the temperature dependence of the KIE at pH 9 were not performed as the degree to which hydride transfer is rate limiting is changed by the solvent composition (vide supra), making meaningful analysis impossible. At pH 7, neither methanol nor glycerol had a significant effect on the temperature dependence of the primary KIE of the reaction, although methanol caused a significant rise in the activation energy and a reduction in the KIE itself ([Supporting Information](#notes-5){ref-type="notes"}). The presence of sucrose led to temperature independent KIEs, as had been observed previously for EcDHFR and TmDHFR,^[@ref13],[@ref14]^ although these were slightly depressed in 30% sucrose compared to 17% sucrose. It has also been observed that mutations in the dimer interface of TmDHFR can cause the KIE to become entirely temperature independent, suggesting that relatively minor structural alterations remote from the active site may affect the temperature dependence of the KIE.^[@ref12]^ As the concentrations of methanol and glycerol had similar dielectric constants, while the concentrations of glycerol and sucrose used were isoviscous, it appears that bulk solvent properties have no effect on the temperature dependence of the KIE on *k*~H~.

![Arrhenius plots for MpDHFR-catalyzed hydride (circles) and deuteride (triangles) transfer (left) and the corresponding KIEs plotted on a logarithmic scale against the inverse temperature (right) at pH 7 in the presence of 0% (black), 17% (red), 33% (green; 30% in the case of sucrose), and 50% (blue) methanol (A), glycerol (B), or sucrose (C).](ja-2011-08844j_0004){#fig4}

DHFR Catalysis and Thermophilicity {#sec3.3}
----------------------------------

It is clear that the rate constant for hydride transfer by MpDHFR is greater than that of EcDHFR at all values of pH (*k*~H~ for EcDHFR is 480.6 ± 15.1 s^--1^ at 10 °C and pH 5,^[@ref36]^ while *k*~H~ of MpDHFR is 690.9 ± 59.1 at 5 °C and pH 5), and 2 orders of magnitude greater than that of TmDHFR (0.870 ± 0.004 at 20 °C, pH 5^[@ref13]^). However, at the typical operating temperatures of the three DHFRs (2 °C for MpDHFR,^[@ref50]^ 37 °C for EcDHFR and 90 °C for TmDHFR^[@ref51]^) at pH 7, the hydride transfer rate constants were estimated by linear extrapolation from the Arrhenius plots as 255.0 ± 6.4, 317.3 ± 1.6, and 8.2 ± 0.1 s^--1^, respectively. Similarly, the steady-state rate constants^[@ref29]^ under the same conditions are 5.0 ± 1.5, 35.8 ± 2.6, and 4.5 ± 2.3 s^--1^. It therefore appears that MpDHFR is in fact a slightly poorer catalyst than EcDHFR at their respective physiological temperatures and is comparable to TmDHFR in the steady state. The activation energy (and enthalpy) for the hydride transfer reaction is most favorable for MpDHFR and least favorable for TmDHFR (Table [1](#tbl1){ref-type="other"}). This is offset by MpDHFR having the least favorable Arrhenius prefactor (and activation entropy), which compensate for one another such that the Gibbs free energies of activation for MpDHFR and EcDHFR are similar. This behavior is comparable to that observed for the activation parameters for the steady-state reactions of MpDHFR and EcDHFR.^[@ref29]^

The behaviors of the rate constant for hydride transfer and its KIE show a number of similarities between MpDHFR and EcDHFR. The apparent p*K*~a~ values of hydride transfer are approximately equal (6.53 ± 0.12 at 5 °C for MpDHFR; 6.59 ± 0.05 at 10 °C for EcDHFR^[@ref36]^) and higher than that of TmDHFR (5.79 ± 0.04 at 20 °C^[@ref13]^). Critically, the temperature dependence of the KIE on hydride transfer is similar to that observed for EcDHFR,^[@ref37]^ and quite different to that of TmDHFR (Figure [1](#fig1){ref-type="fig"}B).^[@ref22]^ It has been shown recently that the KIE on hydride transfer in EcDHFR is temperature dependent below pH 8 and temperature independent at or above this pH, demonstrating that the temperature dependent KIEs observed at pH 7 are indeed physiologically relevant, while the temperature independent KIEs observed at elevated pH are not.^[@ref36]^ The lower value observed for the primary and α-secondary hydrogen KIEs on hydride transfer in MpDHFR than in EcDHFR may suggest increased kinetic complexity on the measurements for MpDHFR. We have previously shown that kinetic complexity leads to an underestimate of the temperature dependence of the KIE,^[@ref36]^ which may also explain why the observed Δ*E*~a~ is lower for MpDHFR than for EcDHFR. From the data obtained here, it seems reasonable to conclude that monomeric DHFRs have similar kinetic behavior for the hydride transfer step, exemplified by temperature dependent KIEs under physiological conditions, whereas dimeric DHFRs (TmDHFR is the only DHFR shown to be dimeric so far, although it is likely that other DHFRs from the genus *Thermotoga* are also dimeric^[@ref12],[@ref52]^) have different kinetic behavior exemplified by temperature independent KIEs at elevated temperatures.

Hydrogen/Deuterium Exchange Experiments {#sec3.4}
---------------------------------------

HDX was followed in NMR experiments to obtain a measure of protein flexibility (Figure [5](#fig5){ref-type="fig"} and [Supporting Information](#notes-5){ref-type="notes"}). NMR was chosen over mass spectrometric measurements because it offers single residue resolution. HDX was performed for both the apoenzyme and the DHFR/NADP^+^/folate ternary complex, which can serve as a model for the DHFR/NADPH/dihydrofolate Michaelis complex.^[@ref53],[@ref54]^ The apoenzyme is not affected by shielding effects from the ligands and so yields a clearer picture of the intrinsic flexibility of the protein itself, while the complex more accurately represents the situation during catalysis.

![Cartoon representations of EcDHFR (top) and MpDHFR (bottom) as the DHFR/NADP^+^/folate complexes (left) and as apoenzymes (right) showing half-lives (*t*~1/2~) of H/D exchange. Gray = no data, blue = no exchange after 24 h, cyan = *t*~1/2~ \> 30 min, green = *t*~1/2~ 10--30 min, yellow = *t*~1/2~ 2--10 min, orange = *t*~1/2~ \< 2 min, and red = *t*~1/2~ too small to measure. Secondary structural elements discussed in the text are indicated for apo-MpDHFR. Structures are from PDB files [1RX2](1RX2)([@ref53]) and [2ZZA](2ZZA).](ja-2011-08844j_0005){#fig5}

The spectra of both apo-EcDHFR and apo-MpDHFR were of much lower quality than those of the complex with NADP^+^ and folate. Spectra for the complexes could therefore be acquired considerably faster than for the apoenzyme ([Supporting Information](#notes-5){ref-type="notes"}). Assignment of the apo-EcDHFR resonances by standard triple-resonance techniques was not attempted due to this low spectral quality. Titration of apo-EcDHFR with a 1:1 mixture of NADP^+^ and folate revealed that the free and bound states are in slow exchange on the NMR time scale, complicating assignment by that route, although the observed improvement to the spectrum demonstrated that the low spectral quality was intrinsic to the apoenzyme and not due to poor sample quality. Partial assignments (∼70%) were instead obtained using a 3D ^1^H--^15^N NOESY-HSQC spectrum to confirm connectivity and residue type as well as by comparison to the assignments of the EcDHFR/NADP^+^/folate complex. Many residues showed multiple peaks in the ^1^H--^15^N HSQC of apo-EcDHFR as has been observed previously,^[@ref55]^ demonstrating conformational heterogeneity.

In general, HDX was much faster for the apoenzymes than for equivalent complexes (Figure [5](#fig5){ref-type="fig"}). The HDX results obtained by NMR are in good agreement with those obtained for apo-EcDHFR in mass spectrometric measurements.^[@ref56]^ For apo-MpDHFR, no significant crosspeaks were visible in the first spectrum after addition of D~2~O. In contrast, some crosspeaks for apo-EcDHFR showed no exchange after 24 h. These correspond to residues in the central β-sheet of the adenosine-binding domain of the enzyme. MpDHFR is an intrinsically more flexible protein than EcDHFR in that all residues show similar or smaller half-lives of exchange in apo-MpDHFR (Figure [6](#fig6){ref-type="fig"}). The majority of residues that apparently show 'similar' half-lives of exchange simply exchange too quickly for accurate measurement by NMR in both enzymes.

![Cartoon representations of MpDHFR as the DHFR/NADP^+^/folate complex (left) and the apoenzyme (right), comparing half-lives (*t*~1/2~) of H/D exchange with EcDHFR. Gray = no data, blue = similar *t*~1/2~, green = *t*~1/2~ smaller in MpDHFR, red = *t*~1/2~ smaller in EcDHFR. Secondary structural elements discussed in the text are indicated for the apoenzyme. Figure is drawn from PDB file [2ZZA](2ZZA).](ja-2011-08844j_0006){#fig6}

The DHFR/NADP^+^/folate complexes displayed considerably lower apparent flexibility. In MpDHFR and EcDHFR, significant portions of the secondary structural elements showed no H/D exchange even after 24 h (Figure [5](#fig5){ref-type="fig"}) and the half-lives of exchange were considerably longer in many other cases. This observation is in good agreement with results obtained for EcDHFR using mass spectrometric measurements^[@ref57]^ and with NMR measurements for DHFR from *Lactobacillus casei*.^[@ref58]^ Similarly, it has previously been reported that the melting temperatures of the two enzymes increase upon addition of ligands.^[@ref24],[@ref29]^

Interestingly, and perhaps surprisingly, some residues of the EcDHFR/NADP^+^/folate complex displayed shorter half-lives of exchange than their counterparts in the MpDHFR/NADP^+^/folate complex (Figures [5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}) suggesting that these regions of EcDHFR may in fact have greater flexibility in the presence of ligands. Notably, these include residues in the M20, FG, and GH loops, all of which are known to be important for the physical progression through the catalytic cycle.^[@ref53]^ In general, these loops have similar solvent exposure in EcDHFR and MpDHFR. However, in EcDHFR, the M20 loop is known to adopt two conformations, closed and occluded, depending on the position within the catalytic cycle,^[@ref53]^ and to fluctuate between these conformations even within the Michaelis complex.^[@ref59]^ On the other hand, Ser 148 of EcDHFR, which is critical for the formation of the occluded conformation, is replaced by Pro 150 in MpDHFR. Replacement of Ser 148 of EcDHFR with Ala is known to prevent the formation of the occluded conformation.^[@ref2]^ It is therefore unlikely that MpDHFR can adopt the occluded conformation. This may lead to reduced flexibility and the observed greater shielding of these loops from solvent despite equal exposure.

Faster H/D exchange in EcDHFR than in MpDHFR is also seen in helix αE and nearby residues (Figure [6](#fig6){ref-type="fig"}), a region of EcDHFR thought to lose structure early in the thermal unfolding process,^[@ref60]^ also suggesting high flexibility, although it should be noted that the residues that show no exchange after 24 h in apo-EcDHFR are also in this region. Apo-DHFR from the thermophile *Geobacillus stearothermophilus* (BsDHFR) has been found to have greater flexibility than EcDHFR at comparable temperatures^[@ref61]^ demonstrating that the general tenet that thermophilic enzymes have reduced and psychrophilic enzymes greater flexibility does not necessarily always apply. It should be noted that binding of methotrexate causes a much larger increase in the melting temperature of MpDHFR than of EcDHFR, suggesting that ligand binding has a greater stabilizing effect on MpDHFR.^[@ref24],[@ref29]^ Other active-site regions of the enzyme, notably helices αB and αF, show decreased half-lives of exchange in MpDHFR relative to EcDHFR. These helices are involved in a network of hydrogen bonds and van der Waals interactions that has been suggested to promote DHFR catalysis;^[@ref62]^ helix αF has also been implicated in the temperature dependence of the KIE in a recent study of BsDHFR.^[@ref63]^ This study also implicates residues in strand βA in the temperature dependence of the KIE, although no exchange in this strand is seen here in either enzyme in the NADP^+^/folate complex (probably due at least in part to shielding by the ligands) and very little exchange has been seen in βA of BsDHFR below 50 °C.^[@ref63]^ In general, however, the HDX results for the DHFR/NADP^+^/folate complexes suggest greater flexibility in MpDHFR than in EcDHFR; where EcDHFR shows faster exchange, half-lives were within an order of magnitude of the equivalent MpDHFR values, whereas where MpDHFR showed faster exchange, half-lives were over 2 orders of magnitude smaller than the equivalent EcDHFR values in some cases ([Supporting Information](#notes-5){ref-type="notes"}). In addition, shielding from the ligands is likely to cause many of the residues to show no exchange, meaning that the flexibility of these residues cannot be determined from the HDX data. Taken together, the HDX results presented here demonstrate greater flexibility of MpDHFR relative to EcDHFR, particularly in active site flanking helices thought to be important for the actual chemical step of catalysis.

NMR of EcDHFR in the Presence of Cosolvents {#sec3.5}
-------------------------------------------

The effect of cosolvents on EcDHFR (as the DHFR/NADP^+^/folate complex) was investigated by NMR spectroscopy. On addition of methanol and glycerol, large chemical shift perturbations are seen for certain amide groups, while others show little or no change (Figure [7](#fig7){ref-type="fig"}). The changes in methanol are different to those in glycerol, while the magnitudes and directions of the chemical shift perturbations are residue specific; there is no general solvent effect on the amide chemical shifts. The chemical shift perturbations do not correlate with the surface exposure of the residue, ligand binding, or whether the residue shows chemical exchange (to the excited reactive state) on a microsecond--millisecond time scale in the absence of cosolvent.^[@ref54]^ Most notably, the nonlinearity of some of the chemical shift perturbations with increasing solvent concentrations (see especially G51 and G121 in Figure [7](#fig7){ref-type="fig"}C) demonstrate that the conformational changes caused by the solvent involve a long-lived intermediate rather than simple two-state exchange.^[@ref64]^ Therefore, the presence of organic cosolvent clearly induces slow conformational transitions within the Michaelis complex of EcDHFR. Given that these conformational transitions will be much slower than the chemical step, these data strongly suggest differences in the conformational ensemble of the enzyme in the presence of cosolvents at the point of reaction. Such changes of the conformational ensemble will alter the electrostatics of the enzyme's active site and lead to the observed changes in the rate constants for hydride transfer (vide supra).

![^1^H--^15^N HSQC spectra of EcDHFR/NADP^+^/folate in the presence of methanol (A) and glycerol (B). Insets (C) show expansions of certain regions of the spectra, demonstrating the different behavior of various peaks. Colors represent 0% (teal), 17% (red/orange), 33% (green/light green), and 50% (navy/blue) MeOH and glycerol. Spectra were acquired on 240 μM protein in 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM NaCl, 10 mM β-mercaptoethanol, and 1.5 mM each NADP^+^ and folate, on a Varian INOVA 600 MHz (^1^H) spectrometer equipped with a 5 mm HCN probe.](ja-2011-08844j_0007){#fig7}

The Role of Protein Motions in DHFR Catalysis {#sec3.6}
---------------------------------------------

The kinetic results obtained here demonstrate that the effect of the addition of cosolvents on the chemical step is the same for MpDHFR, EcDHFR, and TmDHFR, while HDX experiments demonstrate greater flexibility of MpDHFR than EcDHFR. The kinetic results in the presence of cosolvents (vide supra) showed that dielectric constants, but not viscosity, affect the rate constant for hydride transfer; neither parameter affects the primary KIE on hydride transfer or its temperature dependence as has been observed for the EcDHFR^[@ref13]^ and TmDHFR catalyzed reactions.^[@ref14]^ These observations have profound implications for the coupling of protein motions to catalysis.^[@ref13]^ Most notably, the effect of dielectric constant on DHFR catalysis suggests a dominant role for electrostatic effects in controlling the rate constant for hydride transfer, while the absence of a viscosity effect rules out a direct coupling of large-scale motions to the actual hydride transfer step itself,^[@ref65],[@ref66]^ as increased viscosity would be expected to dampen such motions, and is hence not consistent with any model that invokes such long-range coupling. Computational studies including very recent work have highlighted the central role in EcDHFR catalysis of the electrostatic reorganization energy.^[@ref3],[@ref20]^ It is important to point out here that "large-scale" motions may be of small amplitude, but span a significant proportion of the protein. In addition, they may not be pure vibrational motions but may also include activated, diffusive motions uncoupled to vibrational modes. Our experimental results do not rule out shorter-range promoting motions that are uncoupled from the larger-scale motions of the protein but that could drive hydride transfer. Since such local motions are not slaved to the solvent,^[@ref66]^ the work described here does not address their role in DHFR catalysis. While local motions may be protected from the effect of the solvent,^[@ref65],[@ref66]^ we consider it unlikely that a long-range motion could be protected in a similar way. Localized motions have been proposed to be important for hydride transfer in lactate dehydrogenase,^[@ref67]^ morphinone reductase,^[@ref65]^ and aromatic amine dehydrogenase.^[@ref10]^ For EcDHFR catalysis, it has been suggested that such promoting motions involve side chain rotation of Ile 14 and Ile 94,^[@ref68]^ residues that are conserved in MpDHFR.^[@ref26]^ However, if DHFR catalysis is dominated by electrostatic effects as our results and those of others^[@ref3],[@ref20]^ suggest, then there is no need to invoke such motions in catalysis. The alternative explanation for our results, that large-scale protein motions do couple to the chemical step but that changes to these motions do not manifest in the isotope effects or their temperature dependences, is unlikely since the KIE on hydride transfer is highly sensitive to changes to the donor--acceptor distance. A computational study of EcDHFR suggested that increasing the donor--acceptor distance from 3 to 3.5 Å led to an increase of the KIE by 60--100% at all temperatures; decreasing the temperature from 40 to 10 °C led to an increase in the KIE of only ∼10% when the donor--acceptor distance was held at 3 Å, or an increase of ∼40% when the donor--acceptor distance was maintained at 3.5 Å.^[@ref17]^ These results suggest that a change in the donor--acceptor distance as small as 0.05 Å would result in a change of 6--10% in the KIE, larger than a typical experimental error of stopped-flow measurements. The donor--acceptor distance in the NADP^+^/folate complex of EcDHFR, a model of the ground-state Michaelis complex, is 3.3 Å,^[@ref53]^ requiring a decrease of 0.7 Å to meet the transition-state optimum.^[@ref69]^ Protein flexibility and motions may affect the rate constant for hydride transfer (*k*~H~ in MpDHFR is greater than in EcDHFR) as changes within the conformational ensemble will affect the electrostatic environment of the active site and therefore alter the barrier to the reaction, but do not affect the nature of the chemistry, as demonstrated by the very similar temperature dependences of the KIEs and the similar behavior in organic cosolvents. At the same time, NMR experiments show clear changes to EcDHFR in the presence of methanol and glycerol, despite little effect on the KIE. These results are in good agreement with our previous studies of EcDHFR,^[@ref13],[@ref36]^ which suggest that conformational changes influence the reaction, but through a more indirect route rather than through direct coupling. The conformational state of the enzyme at the time of hydride transfer may affect its rate constant, but no conformational change occurs during the hydride transfer event itself. The fact that mutations in the dimer interface of TmDHFR also cause the KIE to become entirely temperature independent across the whole temperature range (suggesting a long-range effect on a short-range motion,^[@ref12]^ while long-range motions are excluded by the kinetic results for TmDHFR obtained in the presence of cosolvents^[@ref14]^) adds further support to the importance of prereaction conformational equilibria in DHFR catalysis.

The α-secondary hydrogen KIEs support an alternative view of the role of protein motions in DHFR catalysis. α-Secondary hydrogen KIEs at pH 7 have previously been reported for TmDHFR and the values obtained here are similar to those for the hyperthermophilic enzyme.^[@ref70]^ The temperature independent α-secondary KIEs observed for all three DHFRs, contrasting with the temperature dependent primary KIEs observed for MpDHFR and EcDHFR, support the suggestion that secondary KIEs report on events immediately prior to hydride transfer and/or are unaffected by the motions of the enzyme that affect the primary KIE.^[@ref70]^ Alternatively, our results might suggest that the temperature dependence of the KIE is in fact unaffected by protein motions altogether.

It has recently been suggested that our results with cosolvents are not relevant to dynamics coupled to hydride transfer,^[@ref6]^ as they relate to large-scale motions slaved to the solvent rather than internal protein motions slaved to the hydration shell.^[@ref66]^ However, the proposed network of coupled motions in DHFR is assumed to be involved in conformational changes, that is, those motions that are slaved to solvent, rather than coupled directly to hydride transfer.^[@ref6]^ Indeed, we have always been clear that our results do not comment on short-range internal protein motions that could potentially couple directly to hydride transfer (vide supra),^[@ref13],[@ref36]^ although changes to the solvent composition will most likely affect the hydration shell of the enzyme^[@ref71]^ and hence the internal protein motions slaved to it. Furthermore, others have suggested that the influence of viscosity on dynamics is felt even in the core of the protein.^[@ref72]^ Our results are fully consistent with a role for a network of coupled motions in DHFR that place the enzyme in an optimal conformation conducive to the reaction, the RRC, but not one directly coupled to hydride transfer itself. A recent NMR study connecting millisecond conformational fluctuations to hydride transfer^[@ref2]^ is not inconsistent with our results either as no claim of direct causality is made in that work. It is not surprising that conformational fluctuations influence the chemical step, as we have shown previously.^[@ref13],[@ref36]^ The central question is exactly how that influence is exerted, and how the chemistry is controlled within the RRC.

In summary, the results presented here provide strong evidence against a direct coupling of large-scale protein motions to the chemical step of the DHFR catalyzed reaction. They are consistent with previous studies that suggest that DHFR catalysis consists of a conformational search uncoupled from the chemistry itself, followed by hydride transfer, which may or may not involve short-range protein motions.^[@ref13],[@ref14],[@ref36]^ Protein flexibility may affect the rate of the reaction, presumably by altering the rate at which the RRC, an optimal conformation with the correct electrostatics and geometry for the reaction to occur, can be attained, but long-range motions do not directly couple to the reaction coordinate to change the nature of the chemistry itself.

Abbreviations {#sec100}
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DHFR, dihydrofolate reductase; BsDHFR, DHFR from *G. stearothermophilus*; EcDHFR, DHFR from *E. coli*; MpDHFR, DHFR from *M. profunda*; TmDHFR, DHFR from *T. maritima*; NADP^+^, nicotinamide adenine dinucleotide phosphate; NADPH, nicotinamide adenine dinucleotide phosphate (reduced form); KIE, kinetic isotope effect; CD, circular dichroism; HDX, hydrogen/deuterium exchange; HSQC, heteronuclear single quantum coherence; SOFAST-HMQC, band-selective optimized flip angle short transient heteronuclear multiple quantum coherence.
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